Because flavonoids from legumes induce transcription of nodulation genes in symbiotic rhizobial bacteria, it is reasonable to test whether these compounds alter the development of vesicular-arbuscular mycorrhizal (VAM) fungi that infect those plants. Quercetin-3-O-galactoside, the dominant flavonoid released naturally from alfalfa (Medicago sativa L.) seeds, promoted spore germination of Glomus etunicatum and Glomus macrocarpum in vitro. Quercetin produced the maximum increases in spore germination, hyphal elongation, and hyphal branching in G. etunicatum at 1 to 2.5 ,iM concentrations. Two flavonoids exuded from alfalfa roots, 4',7-dihydroxyflavone and 4',7-dihydroxyflavanone, also enhanced spore germination of this fungal species. Formononetin, an isoflavone that is released from stressed alfalfa roots, inhibited germination of both Glomus species. Plant factors that affect the development of symbioses with mycorrhizal fungi are less well understood. Root exudates and extracts from pine (Pinus sylvestris) enhance spore germination of several Suillus species that form ectomycorrhizal associations with that tree, and a diterpene resin, abietic acid, probably causes the effect (3). Promotive effects of root exudates on in vitro spore germination and/or hyphal growth of vesicular-arbuscular mycorrhizal (VAM) fungi have been documented by numerous workers (1, 2, 5), and several commercially available flavonoids promote spore germination of the VAM fungus Gigaspora margarita (4). Whether the promotive flavonoids were actually present in the root exudates studied is unknown, and whether the fungal response is specific, in the sense that only certain flavonoids released by its host can trigger developmental events, has not been explored. Addressing these questions requires a detailed understanding of flavonoids that are released from a host plant.
Plant phenolics, including flavonoids, are important transcriptional signals to soil bacteria (18) . Legumes release various flavonoids that induce nodulation (nod) genes in Rhizobium and Bradyrhizobium bacteria (rhizobia) (12) , and examples of one class of flavonoids, chalcones, induce vir genes in Agrobacterium tumefaciens (21) .
Plant factors that affect the development of symbioses with mycorrhizal fungi are less well understood. Root exudates and extracts from pine (Pinus sylvestris) enhance spore germination of several Suillus species that form ectomycorrhizal associations with that tree, and a diterpene resin, abietic acid, probably causes the effect (3) . Promotive effects of root exudates on in vitro spore germination and/or hyphal growth of vesicular-arbuscular mycorrhizal (VAM) fungi have been documented by numerous workers (1, 2, 5) , and several commercially available flavonoids promote spore germination of the VAM fungus Gigaspora margarita (4) . Whether the promotive flavonoids were actually present in the root exudates studied is unknown, and whether the fungal response is specific, in the sense that only certain flavonoids released by its host can trigger developmental events, has not been explored. Addressing these questions requires a detailed understanding of flavonoids that are released from a host plant.
An array of natural flavonoids that induce nod genes in Rhizobium meliloti has been identified from alfalfa (Medicago sativa L.) (9, 13, 17) . Studies that separated flavonoids released by alfalfa seeds from those exuded by roots during the first 72 h of germination show that roots exude 5-deoxy flavonoids (flavone numbering system; Fig. 1B ) (13) , while flavonoids from seeds are substituted at the C-5 position (9). Nearly half (46%) of the flavonoid fraction released from alfalfa seeds contains the aglycone quercetin, which does not induce nod genes in R. meliloti but which does increase the growth rate of that organism (6) . The single most prevalent flavonoid in that fraction is quercetin-3-O-galactoside (6 (Fig. 3A) . Hyphal length in spores developing with and without quercetin increased to a maximum within 15 days, but the quercetin treatment promoted mean hyphal elongation by nearly 100% (P .< 0.05) (Fig. 3B) . Hyphal branching in the presence of 2.5 pRM quercetin was much greater than in the untreated control after 21 days because in the control treatment, new spores germinated after day 7 but no additional branching occurred (Fig. 3C) . This combination of events produced a decrease in the branching param- enhance spore germination in VAM fungi. The fact that quercetin-3-0-galactoside released from seeds also promotes germination of G. etunicatum suggests that ecochemical factors in the seed zone deserve more emphasis in VAM and rhizosphere studies.
An interesting feature of quercetin-3-0-galactoside and 4',7-dihydroxyflavone is that they are the most prevalent compounds in the flavonoid fraction of seed and root exudates, respectively (6, 13) . Although these compounds have other effects on alfalfa rhizosphere microbes (6, 13), enhancement of VAM fungal spore germination clearly could be advantageous to the plant. Clover roots also exude 4',7-dihydroxyflavone (19) , and that flavone probably contributed to the enhancement of VAM fungal spore germination observed with clover root exudates (2) . A direct quantitative relationship between these in vitro studies and those employing crude exudates cannot be assumed, however, because mixtures of alfalfa flavonoids show both inhibitory (7) and synergistic (8) effects on nod gene transcription in R. meliloti. Thus, formononetin, which inhibited spore germination in this study (Table 1) , may play a similar role in the rhizosphere.
Low micromolar concentrations of quercetin aglycone promoted three developmental processes measured in this study: spore germination, hyphal elongation, and hyphal branching (Fig. 2) . However, because quercetin was added only at the beginning of the experiments, rather than after germination, one cannot conclude that quercetin independently enhanced hyphal elongation and branching. Thus, the very rapid quercetin-induced increase in spore germination after 3 days (Fig. 3A) probably contributed to the quercetin promotion of hyphal growth and branching ( Fig. 3B and C) .
Data from this report should expedite the technically difficult task of defining conditions for the pure in vitro culture of VAM fungi (10, 11) . Beneficial effects of carbon dioxide on hyphal growth of VAM fungi (1) also will contribute to that goal and probably are equally relevant ecological factors in the rhizosphere. Flavonoids 
